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Abstract. In the framework of a collaboration between clinicians and engineers (namely, the 
Department of Radiology of the Brotzu Hospital in Cagliari and the group of experimental 
hydraulics at DICAAR - University of Cagliari), methodologies for the application of the in 
vitro study of the cardiovascular fluid mechanics to the support of the physical interpretation of 
the diagnostic imaging data are being tested. To this aim, we set up a mock-loop able to 
reproduce the physiologic pulsatile flow and designed to host a replica of aortic root made of 
transparent silicon rubber. Then, we developed a procedure to obtain a transparent and 
compliant replica of a patient specific ascending aorta from diagnostic images. The patient 
specific aorta model can be inserted in the mock-loop to study the fluid dynamics by means of 
particle image velocimetry techniques. We compared the flow in three cases, corresponding to 
physiological conditions, mild and severe aortic root dilation, observing significant differences 
in the redirection of the transvalvular jet and vortex evolution in the aortic flow. The observed 
fluid dynamics differences may have relevant implications on the thromboembolism and 
vascular tissue damage potential. 
1.  Motivation 
The continuous development of the cardiovascular diagnostic imaging techniques yields, 
nowadays, the detailed volumetric information needed to perform accurate fluid-dynamic numerical 
simulations. On the other hand, the richer and richer information about the cardiovascular flows that 
can be gathered in vivo generates an increasing demand for physically based interpretation to translate 
imaging and in vivo flow data into diagnostically useful information. Patient specific modelling of the 
cardiovascular fluid mechanics aims addressing this issue. This kind of simulations was previously 
mostly performed by numerical methods [1,2].  
At the same time, in vitro and in silico studies were performed aimed at getting insight on the fluid 
dynamics in the cardiovascular system and, particularly, in the left ventricle and in the proximal aorta, 
in order to provide a conceptual framework useful to interpret data obtained in vivo. At first the 
studies were based on idealized geometries, both for numerical simulations [3] and for laboratory 
models [4], which investigated physiological and pathological conditions [5–8] and the consequences 
of prosthetic valve implantations [9,10].  
However, the recent improvement of the additive manufacturing allows the development of accurate 
laboratory models derived from volumetric diagnostic imaging, which can be worthy for investigating 
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patient specific models in controlled conditions, also in the context of aortic flows [11], where several 
issues deserve a deep insight. 
Actually, today diagnostic imaging (e.g. 4D Cardiac Magnetic Resonance) gives comprehensive 
information about geometry of vessels and the characteristics of the aortic flow. Nonetheless, despite 
the fact that fluid dynamics is acknowledged to be the key element dictating the form and function of 
the heart and blood vessels, the onset of lesions or pathological forms and their evolution [12], clinical 
criteria determining the decision for a vascular intervention in presence of aneurisms are generally 
independent on fluid dynamic criteria and linked to simple geometrical conditions [13], for instance a 
threshold of the aneurism diameter, which can be not fully representative of the effective pathology 
risks. 
In vitro studies of the aortic flow were developed at first using rigid aortic vessels (see, for instance, 
[14–16]), then flexible silicon rubber models, able to reproduce the physiological compliance of the 
aorta, were adopted ([5, 17–19]). Specifically, [5] reproduced quantitatively the aortic distensibility 
observed in vivo during the cardiac cycle, while [17] also simulated the flow within coronary arteries. 
However, these were all simulations on aortic vessels derived from mean geometric features 
corresponding to healthy or pathological conditions. To the best of the authors’ knowledge, the only in 
vitro simulations performed on patient specific aortic root models were developed in order to 
investigate transcatheter aortic valve replacement (TAVR) performance [20] or to investigate TAVR 
hemodynamic consequences in case of different sinus morphologies [21], while only one paper [22] is 
focused on investigating flow patterns in the ascending aorta in case of two patient specific models: 
MRI and 3D-PTV were applied to the whole aortic arch excluding Valsalva sinus and without any 
upstream aortic valve to two models reproducing physiological and aneurysmal conditions. Results 
showed how high turbulence intensity and pressure loss are measured in the diseased aorta with 
respect to the healthy geometry.  
In the framework of a collaboration between the Department of Radiology at the Brotzu Hospital 
(Cagliari, Italy) and the group of experimental hydraulics at DICAAR (University of Cagliari), the 
experimentation and use of new techniques for the in-vitro simulation of the fluid dynamics of the 
proximal aorta in patient specific models is currently being tested. A procedure to obtain a transparent 
and compliant replica of a patient specific ascending aorta from diagnostic images was developed and 
the aorta phantoms can be inserted in a mock-loop, able to reproduce the physiologic pulsatile flow, 
and optical velocimetry techniques are used to obtain a time-resolved evolution of the velocity field. 
The present study is focused on the comparison of flow in patient specific ascending aortas with 
aneurisms of different sizes, in presence of a bileaflet aortic valve. The analysis on the mean and 
turbulent velocity fields reveal how the different morphology substantially affects the transvalvular jet 
redirection and the vortex evolution during the cardiac cycle. 
2.  Methods 
The methods developed in order to infer diagnostic information from a patient specific in-vitro 
model consists in three main steps, which are detailed in the following. 
2.1.  Geometry model set-up 
The aorta models are based on the diagnostic images acquired by the clinicians by means of a contrast-
enhanced CT angiography, using tomographic sections 0.6 mm in depth (Fig. 1). Raw anonymized 
data were subject to a segmentation procedure in order to identify the lumen of the vessels (Fig. 2). 
Specifically, the aorta lumen was selected and a series of sections orthogonal to the vessel axis were 
traced (Fig. 3). Since the experimental apparatus at present is not yet ready to host a model 
reproducing the aortic curvature, the obtained aortic sections were then aligned on a rectilinear axis, 
and a filtering procedure aimed at getting rid of the segmentation artifacts was applied. Namely, the 
ascending aorta is almost symmetric about its plane of curvature, whose axis was considered to rectify 
the model. Bileaflets valves may in general be implanted in different positions [23,24], which have an 
impact on the flow development and specifically influence the dynamics of the sinus vortex at the end 
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of systole [25]. Here, the valve plane of symmetry, i.e. the one parallel to the two open leaflets, is 
perpendicular to the ascending aorta’s plane of curvature, hence the leaflet open inside the sinus 
corresponding to the left coronary artery position. 
 
 




Figure 2. Segmentation procedure to identify the vessel lumen. 
 
2.2.  Transparent model realization 
The geometric model was then 3D printed, and it was manually smoothed to obtain a regular and even 
surface, useful to produce a silicon rubber model following the procedure better detailed in [5] (Fig4). 
Specifically, in the present study, three degrees of aortic root dilation were compared: the first one 
corresponds to a healthy one and is 28 mm in diameter (Fig. 5a), the second one, whose diameter is 48 
mm, is just below the clinical threshold for an intervention (Fig. 5b) and the third one corresponds to a 
severe root dilation, 64 mm in root diameter (Fig. 5c). 
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Figure 4. Procedure to go from the rectified geometry (left panel) to the 3D printed one (central 
panel), up to the transparent silicon rubber one (right panel). 
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Figure 5. 3D printed models of the three analysed cases: healthy case (28 mm in diameter, top panel), 
mild dilation (48 mm in diameter, central panel), severe dilation (64 mm in diameter, bottom panel). 
 
2.3.  Simulation in the pulse duplicator 
The pulse duplicator (Fig. 6) able to reproduce the physiological flow rate from the left ventricle and 
entering the aortic vessel is similar to the one adopted in [4–6]. A linear motor, controlled in velocity 
by a personal computer, moves according to a prescribed speed law, hence determining a periodic 
volume change of the ventricular chamber and, consequently, a flow entering the aortic root towards a 
bileaflet mechanical valve (Sorin Bicarbon), whose closure avoids the flow regurgitation during the 
systolic phase. A one-way valve is placed at the end of the aortic vessel, which is inside a 20-mm-
thick Plexiglass tank. The impedance of the circulatory system is reproduced tuning adjustable head 
losses and a compliance chamber inserted along the conduits.  
Since the model geometric scale is 1:1 but the working fluid, water, has a viscosity that is roughly 1/3 
of the blood’s one, in order to maintain the dynamic similarity, simulations were performed 
multiplying the physiological cardiac period for three times. This allows matching the Womersley and 
Reynolds number between experiments and real case:    
    𝑊𝑜 = √(
𝐷2
νT
);        𝑅𝑒 =   
𝑈𝐷
𝜈
   (1) 
where D is the aortic diameter, ν is the kinematic viscosity, T the cardiac period, and U the peak 
velocity through the aortic valve. A physiological inlet transvalvular flow curve was reproduced, 
corresponding to a stroke volume of 64 ml and 70 beats per second, and it was applied for the three 
simulated geometries. A light sheet illuminates the axial symmetry plane of the vessel, where a high 
velocity camera records 585 frames per second with a resolution of 896×1120 pixel. The working fluid 
is water, and pine pollen particles (20 µm of mean diameter) are dispersed within the fluid for velocity 
measurements. Acquired images are then analyzed by means of feature tracking velocimetry (FTV), 
an in-house two-frame particle tracking velocimetry, which was proven to be robust to high velocity 
gradients and seeding density variations [26–28]. 
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Figure 6. Sketch of the pulse duplicator. 
 
The main steps of this technique are: for each frame couple, regions with high intensity gradients are 
identified by means of the Harris detector; interrogation windows centered on features identified in the 
first frame are compared with shifted windows in the second frame corresponding to a range of 
possible displacements; the displacement minimizing windows dissimilarity is determined by means 
of the Lorentzian estimator; velocity are then computed dividing for each feature, the displacement by 
the time interval between frames.  
For each aortic geometry, more than 120’000 velocity fields were measured, corresponding to 90 heart 
cycles. Obtained samples were then mapped on a regular grid and in phase averages were performed 
to obtain the mean flow field time evolution. 
3.  Results 
Figure 7 displays the color maps of the velocity magnitude, made non-dimensional by peak 
velocity, U, and corresponding streamlines for the three simulations and three characteristic instants of 
the flow: the systolic peak (t/T=0.07), decelerating ejection (t/T = 0.10) and the systole end (t/T = 
0.21). The plots highlight the multijet flow generated by the bileaflet valve for all the geometries. 
However the jets evolution is quite different for the three cases: in the healthy case the three jets 
evolve almost simultaneously, the two lateral ones being squeezed on the lateral walls, and they 
rapidly reach the distal region; in case of aneurysm, especially for the severe one, the lateral jets 
expand and they remain confined in the sinus area highlighting large and persistent rotational regions 
occur in the systolic phase 
Turbulent kinetic energy (TKE) color maps made non-dimensional by peak velocity, U2, are displayed 
in Figure 8 for the same characteristic instants plotted in Figure 7, and they show high TKE levels at 
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the leading border of the three jets for all the three simulations, with the different time evolution 
already highlighted in velocity colormaps. Temporal average of TKE fields was also performed in 
order to infer a global information during the cardiac cycle (Figure 9). Comparing the three cases, a 
different picture emerges: in the healthy aorta the turbulence is confined in the root, while in the 
48mm aorta higher turbulence level is observed in the central transvalvular jet and in the 64mm aorta 
most of the turbulence is confined in the distal portion of the root. A sudden expansion in the aortic 
section, especially in the severe aortic dilation, causes a flow separation, which is enhances turbulence 




Figure 7. Velocity colormaps made non-dimensional by the peak velocity U computed for the 
healthy case (left column), mild dilation (central column) and severe dilation (left column) at different 
instants of the cycle the systolic peak (t/T=0.07 – first row), during decelerating ejection (t/T = 0.10 – 
second row) and at the systole end (t/T = 0.21 – third row). Streamlines are superimposed as white 
lines.  
4.  Discussion and future development 
An in vitro analysis of the flow in three patient specific models of ascending aorta is presented. 
Simulated cases correspond to healthy condition, mild and severe aortic dilation. Optical 
measurements were used to study mean and turbulent flow field evolution during the cardiac cycle, 
and relevant differences among the three cases.    
Although the velocity fields were acquired on a symmetry aortic plane, the two dimensional 
measurements do not allow to fully capture the three dimensional flow around the sinus region.  
Actually, due to the rectification of the model and the absence of the aortic arch, the flow is 
representative of real conditions only in the first part of the aortic root, where the aortic curvature 
plays a negligible effect. Moreover, although the aortic vessels reproduce the in-vivo elasticity, all the 
models have similar and homogeneous mechanic properties, while important changes in elastic 
modulus may affect aneurismatic vessels and the aortic wall properties are characterized from tissue 
inhomogeneities, which cannot be reproduced in the model. 
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Figure 8. Turbulent kinetic energy (TKE) colormaps, made non-dimensional by peak velocity, U2, 
computed for the healthy case (left column), mild dilation (central column) and severe dilation (left 
column) at different instants of the cycle the systolic peak (t/T=0.07 – first row), during decelerating 
ejection (t/T = 0.10 – second row) and at the systole end (t/T = 0.21 – third row). Streamlines are 




Figure 9. Turbulent kinetic energy (TKE) colormaps , made non-dimensional by peak velocity, U2, 
averaged during the whole cardiac cycle for the healthy case (left column), mild dilation (central 
column) and severe dilation (left column). 
 
However, despite its limitations, this work represents a valuable contribution demonstrating how in 
vitro studies, getting insights on the patient specific fluid dynamics, may provide the clinicians 
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relevant information for the interpretation of the diagnostic images. In fact, present measurements 
allow characterizing the flow patterns and their evolution as well as turbulent phenomena developing 
in the patient specific aortic roots, and they highlight significant differences in the redirection of the 
transvalvular jet and vortex evolution in the aortic flow. 
Indeed, physiological inflow conditions are not reproduced in the aortic model, since a mechanical 
bileaflet valve is placed upstream. Hence, the obtained flow is representative only in cases of a mitral 
valve replacement. However, in case an aortic valve replacement is needed, understanding the possible 
interaction of prosthetic valve with aortic vessel is fundamental since it can contribute to predict aortic 
remodeling and, in case different valves are compared, simulations may provide relevant information 
to the clinicians. Specifically, bileaflet valves, which are still widely due to their long-term durability, 
are responsible for a non-physiological hemodynamics, which may lead to several complications 
(aortic stenosis, platelet activation, blood clots [24]), but these effects may be quite different according 
to the patient specific geometry they are implanted on.  
The collaboration between clinicians and engineers is going on and the adoption of a physiological 
valve as well as the development of a new set-up able to host the entire aortic arch is currently under 
study.  The fulfilment of these tasks would provide a step forward to obtaining more realistic and 
clinically meaningful information from in vitro simulations.  
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